We study the D −D mixing and rare D decays in the Littlest Higgs model. As the new weak singlet quark with the electric charge of 2/3 is introduced to cancel the quadratic divergence induced by the top-quark, the standard unitary 3 × 3 Cabibbo-Kobayashi-Maskawa matrix is extended to a non-unitary 4 × 3 matrix in the quark charged currents and Z-mediated flavor changing neutral currents are generated at tree level. In this model, we show that the D−D mixing parameter can be as large as the current experimental value and the decay branching ratio (BR) of D → X u γ is small but its direct CP asymmetry could be O(10%). In addition, we find that the BRs of D → X u ℓ + ℓ − , D → X u νν and D → µ + µ − could be enhanced to be O(10 −9 ), O(10 −8 ) and O(10 −9 ), respectively. *
INTRODUCTION
As the observation of the B s −B s mixing in 2006 by CDF [1] , all neutral pseudoscalarantipseudoscalar oscillations (P −P ) in the down type quark systems have been seen. In the standard model (SM), the most impressive features of flavor physics are the GlashowIliopoulos-Maiani (GIM) mechanism [2] and the large top quark mass. The former results in the cancellation between the lowest order short-distance (SD) contributions of the first two generations to the mass difference ∆m K in the K 0 system, while the latter makes ∆m Bq (q = d, s) in the B q systems dominated by the SD effects [3] . In addition, these features also lead to sizable flavor changing neutral currents (FCNCs) from box and penguin diagrams, which contribute to the rare decays, such as K → πνν and B → K ( * ) ℓl. It is known that these processes could be good candidates to probe new physics effects [4, 5, 6] . However, it is clear that the new physics signals deviated from the SM predications for the P −P mixings and rare FCNC decays have to wait for precision measurements on these processes.
Unlike K and B q systems, the SD contributions to charmed-meson FCNC processes, such as the D −D mixing [7] and the decays of c → uℓ + ℓ − and D → ℓ + ℓ − [8] , are highly suppressed due to the stronger GIM mechanism and weaker heavy quark mass enhancements in the loops. On the other hand, it is often claimed that the long-distance (LD) effect for the D −D mixing should be the dominant contribution in the SM. Nevertheless, because the nonperturbative hadronic effects are hard to control, the result is still inconclusive [9, 10, 11, 12] . Recently, BABAR [13] and BELLE [14, 15] 
respectively, where x ′ = x cos δ + y sin δ and y ′ = −x sin δ + y cos δ with the assumption of CP conservation and δ being the relative strong phase between the amplitudes for the doubly-Cabbibo-suppressed D → K + π − and Cabbibo-favored D → K − π + decays [16, 17] and
Moreover, no evidence for CP violation is found. The combined results of Eqs. (1) and (2) at the 68% C.L. are [18] x = (5.5 ± 2.2) × 10
Note that the upper bound of x < 0.015 at 95%C.L. can be extracted from the BELLE data in Eq. (2) [14, 15] . The evidences of the mixing parameters by BABAR and BELLE collaborations reveal that the era of the rare charmed physics has arrived. The results in Eq. (3) can not only test the SU(3) breaking effects for the D −D mixing [10, 12] , but also examine new physics beyond the SM [17, 18, 19, 20, 21] .
It is known that a straightforward way to enhance the rare D processes is to include some new heavy quarks within the framework of the SM. For instance, if a new heavy quark with the electric charge of −1/3 is introduced, it could affect the D system since the extra down type quark violates the GIM mechanism. However, the constraint on this heavy quark is quite strong as it could also lead to FCNCs for the down type quark sector at tree level, which are strictly limited by the well measured rare K and B decays, such as K L → µ + µ − and B → X s γ [22] . On the other hand, if the charge of the new heavy quark is 2/3, it could generate interesting tree level FCNCs for the up type quark sector, for which the constraints are much weaker. In this paper, we will study D physics based on a new weak singlet upper quark.
It has been known that in the framework of the Littlest Higgs model [23] , there exists a new SU(2) L singlet vector-like up quark [24] , hereafter denoted by T . Since the number of down type quarks is the same as that in the SM, the standard unitary 3 × 3 CabibboKobayashi-Maskawa (CKM) matrix is extended to a non-unitary 4 ×3 matrix in the charged currents. Moreover, Z-mediated FCNCs for the up quark sector are generated at tree level.
In Ref. [25] , it has been shown that the contributions of this new quark to the rare D processes are small and cannot reach the sensitivities of future experiments [25, 26] . In this
paper, we will demonstrate that by adopting some plausible scenario, the effects could not only generate a large D −D oscillation but also marginally reach the sensitivity proposed by BESIII for the rare D decays [27] . We note that the implication of the new data on the D −D mixing in the Littlest Higgs model with T-parity has been recently studied in Ref.
[21].
The paper is organized as follows. In Sec. II, we investigate that when a gauge singlet Tquark is introduced in the Littlest Higgs model, how the non-unitary matrix for the charged current and the tree level Z-mediated FCNC are formed. By using the leading perturbation, the mixing matrix elements related to the new parameters in the Littlest Higgs model are derived. In addition, we study how to get the small mixing matrix element for V u(c)b , which describes the b → u(c) decays. In Sec. III, we discuss the implications of the non-unitarity on the D −D mixing and rare D decays by presenting some numerical analysis. Finally, we summarize our results in Sec. IV.
II. NON-UNITARY MIXING MATRIX IN THE LITTLEST MODEL
To study the new flavor changing effects in the Littlest Higgs model, we start by writing the Yukawa interactions for the up quarks to be [24, 25] 
where χ
is the weak singlet and Σ = e iΠ/f Σ 0 e iΠ T /f with
The scale f denotes the global symmetry spontaneously breaking scale, which, as usual, could be around 1 TeV. Consequently, the 4 × 4 up-quark mass matrix is given by [25] 
We remark that the quadratic divergences for the Higgs mass from one-loop diagrams involving t and T get exactly cancelled as shown in Ref. [28] . Moreover, for other quarks other than the top quark, the one-loop quadratic divergent contributions do not necessitate fine-tuning the Higgs potential as the cutoff is around 10 TeV for f ∼ 1 TeV due to the small corresponding Yakawa couplings. That is why there is no need to introduce extra singlet states T [28, 29] .
To obtain the quark mass hierarchy of m t ≫ m c ≫ m u , we can choose a basis such that the up-quark mass matrix is [30] 
are expressed by
respectively, where
The null entry in a V denotes the new T -quark being a weak singlet; and without the new T -quark, V 0 CKM is just the CKM matrix. Since the down quark sector is the same as that in the SM, we have set the unitary transformation U D L to be an identity matrix.
For getting the physical eigenstates, the mass matrix in Eq. (7) can be diagonalized by unitary matrices V U L,R so that we have
and
Since (|l 33 | 2 + |l 0 | 2 )f 2 is much larger than other elements, we can take the leading order of the perturbation in h i m i /f (i = 1, 2, 3). According to Eq. (11), the leading expansion is given by
By looking at the off-diagonal terms (
, we can easily get
with i = 4. From the diagonal entries, if we set the light quark masses to be m u ≈ m c ≈ 0,
with j = 1, 2. To be consistent with Eq. (14), at the leading expansion the relation
should be satisfied. We emphasize that the choice of Eq. (16) is somewhat fine-tuned in order to have Eqs. (14) and (15) simultaneously. Since the top-quark is much heavier than other ordinary quarks, we have 2h
one obtains the flavor mixing effects for i = j = 4 to be
After diagonalization, the currents become
where U T = (u, c, t, T ),
and diag(V 0 V 0 † ) = a V . Since the 4-th component of a V is different from the first 3 ones, it is obvious that the matrix V ≡ V U L V 0 associated with the charged current does not satisfy
, which is associated with the neutral current, is not the identity matrix. As a result, Z-mediated FCNCs at tree level are induced. According to Eq. (18), we see that
which is just the same as the effects of the Z-mediated FCNCs. Due to V being a non-unitary matrix, one finds
Consequently, the interesting phenomena arising from non-unitary matrix elements are al-
We note that as we do not particularly address CP problem, in most cases, we set the parameters to be real numbers.
It has been known that enormous data give strict bounds on the flavor changing effects.
In particular, the pattern describing the charged current has been fixed quite well. Any new parametrization should respect these constraints. It should be interesting to see the relationship with and without the new vector-like T -quark. From Eq. (18), we know that the new flavor mixing matrix for the charged current is given by V = V U L V 0 . At the leading order perturbation, one gets 
From these results, it is clear that when the T -quark decouples from ordinary quarks, [7] and the bottom quark contribution actually is a subleading effect due to the suppression of (V ub V * cb )
2 . In the SM, the SD contribution to the mixing parameter is O(10 −7 ) [34] . However, the LD contribution to the mixing is believed to be dominant. Due to the nonperturbative hadronic effects, the result is still uncertain with the prediction on the mixing parameter ranging from O(10 −3 ) [9] to O(10 −2 ) [10, 11, 12] .
Nonetheless, the mixing parameters shown in Eq. (3) could arise from the LD contribution.
Thus, it is important to have a better understanding of the LD effect. On the other hand, it is also possible that the mixings in Eq. (3) could result from new physics. In the following, we will concentrate on the Littlest Higgs model.
In the quark sector of the Littlest Higgs model due to the introduction of a new weak singlet, a direct impact on the low energy physics is the FCNCs at tree level. According to Eq. (18), the most attractive process with |∆C| = 2 via the Z-mediated c−u−Z interaction, illustrated in Fig. 1 , is given by
In terms of the hadronic matrix element, defined by the mass difference for the D meson is [25] 
If we assume no cancellation between new physics and SM contributions, by taking
MeV [31, 32] and m D = 1.86 GeV and using Eq. (3), we obtain
which is in the desirable range. In other words, the result in Eq. (27) demonstrates that the non-unitarity in the Littlest Higgs model could enhance the D −D mixing at the observed level. We note that the limit of x < 0.015 (95%C.L.) leads to
In addition, we note that cancellation between the LD effect in the SM and the SD one from new physics could happen. In this case, the values in Eqs. (27) and (28) could be relaxed.
In the SM, the D-meson FCNC related processes are all suppressed since the internal fermions in the loops are all much lighter than m W . For the decay of D → X u γ, without QCD corrections, the branching ratio is O(10 −17 ); and it becomes O(10 −12 ) when one-loop QCD corrections are included [8] . However, it is found that the two-loop QCD corrections can boost the BR to be as large as 3.5 × 10 −8 [33] . It should be interesting to see how large the non-unitarity effect on c → uγ is in the Littlest Higgs model.
To study the radiative decay of c → uγ, we write the effective Lagrangian to be
where
and C SM 7
≈ −(0.007 + i0.02) = 0.021e iδs with δ s = 70.7
• [33] being the strong phase induced by the two-loop QCD corrections. In the extension of the SM by including a weak singlet particle, the flavor mixing matrix in the charged current is not unitary and the Z-mediated FCNC at tree level is generated as well. For c → uγ, besides the QED-penguin diagrams induced by the W -boson displayed in Figs. 2a and 2b , the Z-mediated QED-penguin one in Fig. 2c will also give contributions. We note that the At the first sight, due to the light quarks in the loops, the contributions from Figs. 2a and 2b could be negligible. However, due to the non-unitarity of (V V † ) uc = V 14 V * 24 = 0, even in the limits of m d, s, b → 0, the contributions from the mass independent terms do not vanish anymore and can be sizable. In terms of unitary gauge [22] , we obtain
Furthermore, if we set m u ≈ m c = 0, the contributions from Fig. 2c are given by
where the functions ξ n (x) are defined by
and y T = m T /m Z . Numerically, the total contribution in Fig. 2 is
If we regard V 14 V * 24 as an unknown complex parameter, i.e. V 14 V * 24 = ζ 0 e iθ with θ being the CP violating phase, one can study the decay BR and direct CP asymmetry (CPA) of
as functions of ζ 0 and θ. In BR(D → X u γ) is insensitive to the new physics effects, whereas the direct CPA could be as large as O(10%). Explicitly, if we take θ = 90
• and ζ 0 = 1.5 × 10 −4 , the CPA is about 3%.
Note that this CPA vanishes in the SM.
Because the current experimental measurements in K and B q decays are all consistent with the SM predictions, it is inevitable that if we want to observe any deviations from the SM, we have to wait for precision measurements for K and B q . SuperB factories or LHCb could provide a hope. However, the situation in D physics is straightforward. As stated before, unlike K and B q systems, due to no heavy quark enhancement in the D system, the rare D-meson decays, such as D → X u ℓl (ℓ = e, µ, ν), are always suppressed. Even by considering the long-distance effects, the related decays, such as D → µ + µ − and D → X u νν, get small corrections to the SD predictions on the BRs [35] . Therefore, these rare decays definitely could be good candidates to probe the new physics effects. Since the values in the SM are hardly reachable at D factories [27] , if any exotic event is found, it must be a strong evidence for new physics. In the following analysis, we are going to discuss the implication of the Littlest Higgs model on the rare D decays involving di-leptons.
To study these decays, we first write the effective Hamiltonian for c → uℓ
as
where the effective Wilson coefficients are given by
Here, we have neglected the small contributions from the penguin and box diagrams. We note that in the SM, the SD contributions are mainly from the term with h(z, s), induced by the insertion of O 2 =ū L γ µ q LqL γ µ c L and mixing with O 9 at one-loop level [35, 36] .
We note that the resonant decays of 
In addition, by utilizing the lepton angular distribution, we can also study the forwardbackward asymmetry (FBA), given by
where θ is the angle of ℓ + related to the momentum of the D meson in the ℓ + ℓ − invariant mass frame. Since C 10 is small in the SM, A F B is negligible. With m c = 1.4 GeV and the mixing parameter in Eq. (27), we get can be obtained as
where the factor of 3 stands for the neutrino species. With ζ 0 = 1.5 × 10 −4 , we get BR(D → X u νν) = 1.31 × 10 −9 . However, if we relax the constraint on V 14 V † 24 , the BR as a function of ζ 0 is shown in Fig. 6a . For a larger value of ζ 0 , BR(D → X u νν) could be as large as To avoid the scenario adopted by Ref. [25] , in which l 0 ∼ l 33 ≫ l ij was assumed, we choose the basis such that the effective mass matrix for u O(10 −9 ), respectively, which could marginally reach the sensitivity proposed by BESIII [27] .
